Abstract. Delay times from teleseismic and local P wave arrivals are used to invert for a high-resolution three-dimensional velocity model beneath the northwest Pacific. The model shows high-velocity slabs with average velocity anomalies of the order of 3-4%. Assuming the positive velocity deviations in the subducting lithosphere are to first order due to a temperature anomaly, the results of a theoretical slab temperature profile based on the diffusion equation are converted to a synthetic slab velocity model. Temperature variations between the ambient mantle and the interior of the slab are converted to P wave velocity perturbations using dV p /dT Ϸ 4.8 ϫ 10 Ϫ4 km s Ϫ1 ЊC Ϫ1 . A nonlinear optimization scheme compares the tomograms obtained via tomography to the theoretically predicted models in order to determine the optimal values for slab thickness and mantle potential temperature. Using 1180 Ϯ 100ЊC as the potential temperature, thickness estimates of 88 Ϯ 8 km, 85 Ϯ 8 km, and 84 Ϯ 8 km are obtained for the IzuBonin, Japan, and Kuril slabs, respectively. A correlation exists between slab thickness and age, which is strong if mantle temperature variations along the slab strike can be ruled out. In the process of estimating slab thickness the predicted slab velocity model is used as a filter to enhance the initial minimum-norm tomographic result. The initial tomogram is modified to closely resemble the synthetic slab tomogram by using only null-space components. The use of the null-space components guarantees that the enhanced solution will satisfy the original seismic delay times. The enhanced slab images show very continuous and narrow slabs compared to the initial tomographic results.
Introduction
use the results of a tomographic inversion for the P wave velocity structure beneath Tonga along with a theoretical model for slab temperatures to determine the thickness of the subducting plate. In the process the final tomographic images are substantially improved without affecting the data fit. On the basis of the success in the Tonga region and the excellent ray coverage in the northwest Pacific, we apply the same method to obtain improved tomographic images and values for slab thickness in the Japan region ( Figure  1 ). Combining our thickness estimates from Tonga to those obtained in this study, we are able to generate a map of slab thickness along much of the western edge of the Pacific plate.
The Pacific plate is the largest of the lithospheric plates on the surface of the Earth and encompasses some of the oldest sections of the ocean floor. New lithosphere is continually extruded along the mid-oceanic ridge, moving the western half of the plate toward Asia and Australia, where it is eventually subducted beneath the Eurasian, Philippine, and Indonesian plates. The Pacific plate also contains the Japan and Izu trenches, some of the oldest active subduction zones in the world. Owing to the large number of earthquakes and the dense network of seismic stations, this area is also one of the first where seismic imaging was used to study the subducting lithosphere.
Before the advent of seismic tomography, Utsu [1971] presented a model for the upper mantle beneath subduction zones based on travel time delays, which included an inclined highvelocity zone between two low-velocity regions. Later, seismic delay times were used to invert for the velocity structure of the slabs. In the late 1970s, Hirahara [1977] used International Seismological Centre (ISC) delay times to study the threedimensional P wave structure in the upper mantle beneath Japan. Hirahara [1977] obtained a velocity model which resembled that proposed earlier by Utsu [1971] . Since then, numerous tomographic studies have been completed in the region [Horiuchi et al., 1982; Obara et al., 1986; Ashiya et al., 1987; Kamiya et al., 1988 Kamiya et al., , 1989 Hirahara et al., 1989; Zhao et al., 1990; Zhou and Clayton, 1990; van der Hilst et al., 1991; Zhao et al., 1992; Zhao and Hasegawa, 1993] . All of the resulting models have common features, such as an inclined highvelocity slab which corresponds well to the Wadati-Benioff zone, as well as shallow low velocities beneath volcanic regions, and, very often, unexplained low velocities in the upper mantle beneath the subducting plate. However, certain discrepancies exist between the models and certain unresolved issues (such as slab penetration into the lower mantle) remain. Over the past 5 years the amount of data included in these tomographic inversions has increased dramatically, and the size of the models has grown. Very recently, Zhou [1996] was able to image subducting slabs based on a global multicell parametrization and using ISC P wave delay times. Even with larger data sets and increased computing power, tomographic models are still far from unique. There are discernible differences between various models, depending on the data used, the model parametrization, the background velocity model, and the raytracing algorithm employed. In this paper we present a new tomographic inversion for the 1 Now at Exxon Production Research Company, Houston, Texas.
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Paper number 1999JB900254. 0148-0227/99/1999JB900254$09.00 upper mantle P wave velocity structure beneath Japan, including the Kuril, Japan, and Izu slabs. Our initial tomographic images are similar to those obtained in previous studies. Here we use the one-dimensional background model ak135 [Kennett et al., 1995] , we do not include P-to-S-converted phases or phases reflected from the surface of the slab [Matsuzawa and Haragawa, 1990] , and we do not perform three-dimensional ray tracing. Still, the results obtained are consistent with previous studies, and we feel that they accurately reflect the major structures in the upper mantle. Instead of increasing the amount of data in order to improve resolution, we use the method of Deal et al. [this issue ] to incorporate a priori information into the tomographic model. We are particularly interested in the slab region and use a theoretical model for slab temperature to enhance the tomographic model. Unlike previous slab temperature studies which were purely theoretical [McKenzie, 1969; Toksoz et al., 1971] or previous slab models based solely on forward modeling [Creager and Jordan, 1986; Silver and Chan, 1986] , our method allows us to combine a temperature model with seismic data to obtain an enhanced velocity image which still correlates with the observed seismic delay times.
Data and Method
We use a subset of rays from the massive global data set compiled by Engdahl et al. [1998] (hereinafter referred to as EHB). The rays chosen for the tomographic inversion are from events both within the velocity model region and from teleseismic events outside of the region that are recorded by stations within the model region. On the basis of the method of Engdahl et al. [1998] , events have been previously relocated, and a number of later arriving phases have been reidentified. The relocation algorithm used is an iterative process based on arrivals of prominent body waves such as P, pP, and S arrivals; reidentification of phases is based on a comparison or arrival times to theoretically predicted times. Our study uses ϳ300,000 travel times.
Both the parametrization of the model and the inversion procedure are identical to those described by Deal et al. [this issue] . The model is parametrized as a three-dimensional Cartesian grid of nodes spaced 50 km in the x and y directions and 30 km in the z direction (approximate depth). The region of interest lies between 110ЊE and 160ЊE and between 25ЊN and 55ЊN (Figure 1) and consists of 293,760 nodes, some of which lie above the surface of the Earth and remain unaffected by the inversion.
We use the LSQR algorithm [Paige and Saunders, 1986; Nolet, 1985] , which is based on the method of conjugate gradients, to invert the delay times for a velocity model. By allowing for station corrections and hypocentral adjustments in the inversion, we increase the number of parameters to 554,365. We note that Bijwaard et al. [1998] estimate the standard de- viation in the EHB data to be as low as 0.3 s, in accordance with our finding that the corrections have a small effect on the tomographic solution but are helpful to stabilize the inversion.
As was the case in the work by Deal et al. [ this issue], we damp the set of linear equations such that the converged solution has a 2 misfit equal to the number of data (E{ 2 } Ϸ N). This, of course, assumes that the data and errors are nearly independent (the rationale for using E{ 2 } Ϸ N is discussed more fully by Deal et al. [this issue]) . The plot of the 2 misfit as a function of LSQR iterations and the region of acceptable misfits is shown in Figure 2 . The region of acceptable models will have a misfit which obeys a chi-square distribution with N degrees of freedom. Asymptotically, for large N the chi-square distribution approaches a normal distribution with mean N and x ϭ ͌ 2N. Our simple statistical reasoning is entirely based on the optimistic assumption of Gaussian statistics which has been shown to be untrue for seismic data [Jeffreys, 1936; Buland, 1984] which contain outliers. We therefore choose to define the region of acceptable misfits by E{ 2 } Ϯ 6. All solutions within the region of acceptable misfits are nearly identical.
Tomographic Results
The initial results of the tomographic inversion are shown in Plate 1. As with our work in Tonga, as well as previous studies of the Japan region, we find very well defined high-velocity slab features in all of the subduction areas. The slices shown in Plate 1 are vertical cross sections taken through the threedimensional velocity model; the locations of the slices are shown on the regional map in Figure 1 . Slices 1 and 2 are from the Kuril slab, slices 3 and 4 are from northern and central Japan, and slices 5 and 6 cross the Izu trench between 29ЊN and 34ЊN. There have been numerous studies of the subducting slabs in the region around Japan [see Hasegawa et al., 1994; Lay, 1997] . Zhao et al. [1994] combined teleseismic and local and regional events into a single inversion to obtain very high resolution images with a grid spacing of 25-35 km in the horizontal direction and 15-35 km in the vertical direction. As the resolution in tomographic images has improved over time with increases in the amount of data, data quality, and compute power, many common features have remained. This study is the first to combine physical modeling of temperature diffusion with the tomographic inversion.
There are three interesting features seen in our initial tomographic results which are also common to almost all previous studies. The first is the surprisingly variable distribution of high-velocity anomalies within the slab. In some cases, such as slice 2 in the Kuril slab, the slab actually appears to be broken or disjointed, while other images, such as slice 6 in the Izu slab, show the slab to be made up of several concentrated regions of high velocities, which are then smeared together. In some instances, the interpreter may focus on the robust features and assume that the slab is continuous despite holes in the tomograms . Others invoke slab tearing as a mechanism to explain the gaps seen in the tomographic slabs. As shown in section 4, we are able to remove the gaps from our final tomographic images without affecting the final fit to the travel time data.
The second feature common to many studies is the existence of low-velocity regions beneath the slab. These regions often begin around 100 -200 km below the Earth's surface and extend down into the lower mantle. Unlike the shallow low velocities above the slab (which are consistent with partial melt from the crustal component of the slab and the volcanism associated with this melt, as well as back arc spreading) the deeper low-velocity zones beneath the slab remain somewhat enigmatic. They appear in regional high-resolution studies [Zhao et al., 1994] as well as global models [Vasco et al., 1995; Zhou, 1996] . Many possible explanations have been offered, including velocity anisotropy, incorrect ray paths, inversion artifacts, small-scale mantle convection, or a concentration of volatiles beneath the slab; however, the explanations remain purely speculative. All of our slices show low velocities beneath the slab to some degree, while the amplitude of the low velocities is greater in slices from central Japan and the Izu slab. These low-velocity zones are also present in our enhanced images and will be discussed further in section 4.2.
The third noteworthy feature concerns the fate of subducted lithosphere once it reaches 660 km. Before tomographic imaging of the Earth's mantle became common practice, Jordan [1977] proposed that the slab penetrates the lower mantle beneath the Sea of Okhutsk. Today, on the basis of the evidence from seismic tomography as well as the Wadati-Benioff zones, there seems to be no doubt that slabs reach 660 km, but once the seismicity ends, right above the lower mantle, the tomographic images often become ambiguous. In some cases the slabs appear to penetrate the lower mantle, while in other regions the slabs appear to be deflected horizontally and laid down above 660 km. Recent global models [Vasco et al., 1995; Zhou, 1996] image large regions of high-velocity material at depths between 800 and 1000 km, while other models [van der Hilst et al., 1997] are able to image elongated zones of high velocities potentially related to subduction near the bottom of Figure 2 . The 2 misfit versus the number of LSQR iterations. The region of acceptable misfit is shown by the two horizontal lines; solutions within this region have only negligible differences. The width of the acceptable region corresponds to a misfit of E{ 2 } Ϯ 6. We choose to use a 6 level as opposed to the more common 2 or 3 level since we have based our simple statistical analysis on Gaussian probabilities, and we acknowledge that real seismic data are not normally distributed (but instead have tails extending beyond those on a normal distribution). Plate 1. Vertical cross sections through the minimum-norm, least squares solution to the three-dimensional tomographic inversion. Slices 1 and 2 show the Kuril slab, while slices 3 and 4 depict the Japan slab, and slices 5 and 6 cross the Izu slab. The depth contours denote 100, 410, and 660 km. We pay particular attention to the discontinuities seen in certain slices; these gaps are eliminated in our final enhanced model. Slice 3 also clearly shows the slab's penetration of the lower mantle beneath Japan. All of the example slices are discussed in the text. the lower mantle. Because of the locations of these highvelocity zones relative to the older subduction zones around the Pacific, it is speculated that these regions are the remains of subducted slabs. Our results do not unambiguously resolve the issue of slab penetration for the region under study. The slices through the Kuril slab only image the slab down to 660 km depth, and there are only minor signs of high velocities either below 660 km or on top of the discontinuity. The Japan slab seems to penetrate into the lower mantle but only after being slightly deflected at the discontinuity. Slice 3 in the northern region of Japan is the clearest indication we have for slab penetration, and we will return to this in section 4.2. The Izu slab appears to be stagnating in the transition zone; a large blob of high-velocity material can be seen between 400 and 660 km in slices 5 and 6. The tomographic images show some highvelocity material moving into the lower mantle, but again the images do not indicate that the slab continues across the 660-km discontinuity without a major change in shape and structure.
Tomographic Image Enhancement

Optimal Theoretical Slab Models for Kuril, Japan, and Izu
Assuming the velocity anomalies within the slab are to first order due to a temperature effect, we can model the slab velocity signal using a theoretical model for the temperature distribution within the subducting slab. The theoretical temperature model is based on the diffusion equation and is taken from Davies and Stevenson [1992] . Temperature anomalies within the subducting slab are converted to velocity deviations using dV/dT ϭ 4.8 ϫ 10 Ϫ4 km s Ϫ1 ЊC. Our value for the scaling factor is based on a slab composition similar to that of Ringwood [1982] and the laboratory data from Duffy and Anderson [1989] . The slab velocity model produced by the theoretical temperature model is more continuous and has sharper boundaries than what we see in the tomograms. The theoretical temperature model is converted to a velocity model and then compared to the tomographic solution using a nonlinear inversion, which allows us to determine the optimal values for slab thickness and mantle potential temperature.
The optimal values are obtained by minimizing the difference between the integral over all positive velocity anomalies in the slab region for both the tomogram and the predicted slab. The objective function for the nonlinear inversion is stated explicitly in equation (10) of Deal et al. [this issue] . By comparing the integral over all positive velocity anomalies we effectively remove the effect of the smoothing operator applied during the inversion step as well as reduce the effects caused by approximations in the ray tracing. Our method is based on the total overall effect of a cool slab on velocity and not on local, high-resolution effects.
A trade-off exists between the optimal values for slab thickness l and potential mantle temperature T m . An example of the trade-off between l and T m for the Izu slab is depicted in Figure 3 . On the basis of thermodynamic studies of the phase change at 660 km [Boehler and Chopelas, 1992] we assume a potential mantle temperature of 1180ЊC (F. Stacey, personal communication, 1996) . By fixing the mantle temperature we obtain estimates for the slab thickness of the Kuril, Japan, and Izu slabs. Error estimates for l and T m are also obtained by the method described by Deal et al. [this issue] . The values obtained for l, assuming T m ϭ 1180 Ϯ 100ЊC, are 84 km for Kuril, 85 km for Japan, and 88 km for Izu (Table 1 ). The error estimate for slab thickness is Ϯ8 km and is dominated by the uncertainty (Ϯ100ЊC) in T m . If T m is consistent throughout the region, the uncertainty in the thickness of each slab relative to the others is Ϯ2 km. Of course, the values obtained for slab thickness are also dependent on the value chosen for dV/dT; an increase of 2.5 ϫ 10 Ϫ5 km s Ϫ1 ЊC Ϫ1 in dV/dT corresponds to a decrease of 4 km in the slab thickness estimate. Since the slabs examined in this study are all part of the western Pacific plate and are all older than 100 Ma, we assume dV/dT to be constant over the slabs examined, and any consistent error in our value for dV/dT will not affect the relative differences between our thickness estimates. The theoretical slab images obtained using the optimal values for slab thickness and potential mantle temperature in the temperature model derived Plate 2. Two vertical cross sections through the theoretical slab model based on the optimal parameters for the theoretical temperature model. The regions away from the slab and below 660 km are both set equal to the background velocity since the temperature model only specifies temperature anomalies inside the slab and above 660 km. The temperature anomalies are converted to velocities using dV/dT ϭ 4.8 ϫ 10
Ϫ4 km s Ϫ1 ЊC Ϫ1 . The slice numbers correspond to the same slices shown in Figure 1 and Plate 1.
Plate 3. The enhanced tomographic images through the model obtained by biasing the minimum-norm solution (Plate 1) toward the theoretical slab model (Plate 2) using only null-space components so as not to affect the final model misfit to the seismic data. The slices correspond to the same slices shown in Plate 1. Slices 1 and 2 are from the Kuril slab, slices 3 and 4 are from the Japan slab, and slices 5 and 6 are from the Izu region. The slab images shown here appear to be more continuous and narrow features.
from Davies and Stevenson [1992] are shown in Plate 2. Here, we are only trying to enhance the slab between 100 and 660 km, and therefore the velocity at all other regions in the immediate vicinity of the slab are set to the background model. In our calculations the Izu slab is several kilometers thicker than either the Japan, Kuril, or Tonga slabs. One plausible explanation for this is the fact that the Pacific plate at the Izu trench is older than the other regions and has thickened more as it has cooled over a longer period of time. Many models agree fairly well for the thickness of the oceanic lithosphere up to an age of about 70 Ma. At that point the models begin to diverge and the thickness of the oceanic lithosphere is thought to grow at a much slower rate. Since all of the slab regions that we have studied consist of oceanic lithosphere older than 100 Ma (and in some cases as old as 146 Ma) we are able to use our results to constrain the tail of the thickness versus age plots. Our results for slab thickness correlate very well with the relative ages of the Kuril, Japan, Izu, and Tonga slabs. However, since the ages of all regions involved are very close and uncertainties exist in the thickness estimates (as well as in the slab ages), we are not able to extrapolate for lithosphere thickness at ages outside of our interval (120 Ma for Tonga and 148 Ma for Izu). Figure 4 shows a map of the region with slab thicknesses marked.
The unique part of our method comes into play when we unite the optimal theoretical slab with the original tomographic image in order to produce an enhanced or modified tomographic solution. We do this by exploiting the underdetermined nature of the tomographic problem; therefore our method can be applied to almost any inverse problem which is at least partially underdetermined. Using the null-space shuttle [Deal and Nolet, 1996] , we project the difference between the minimum-norm tomographic model and the theoretical slab velocity model onto the null-space of the tomographic inverse problem. Adding only null-space components to the minimumnorm solution allows us to bias the tomographic image toward the theoretical model based on slab temperatures without affecting the misfit to the seismic data. The details of the nonlinear temperature optimization as well as the null-space projection are described by Deal et al. [this issue] . The combination of the null-space components and the minimumnorm tomographic solution becomes the final, enhanced tomographic velocity model. If the theoretical model is not consistent with the seismic data, there will be no components in the null-space and the final model will be identical to the original minimum-norm solution. Using the null-space shuttle as a tool for hypothesis testing, we can very easily determine whether or not a posteriori changes made to the tomographic model are permitted by the data. Likewise, we can remove components from the tomographic model and use the null-space shuttle to determine if the removed components are required by the data; if their removal cannot be accomplished using only null-space components, then we conclude they are required by the data.
Enhanced Tomographic Images
After projecting the difference between the theoretical slab (Plate 2) and the LSQR solution (Plate 1) onto the null-space and removing those components not found in the null-space from the theoretical model, we obtain the final enhanced tomographic model (Plate 3). Since the difference between the original minimum-norm solution and the final enhanced image only consists of null-space components, the two models have nearly the same misfit. The 2 misfit for the minimum-norm solution is 2.84 ϫ 10 5 , and the 2 misfit for the enhanced tomographic model after employing the null-space shuttle is 2.89 ϫ 10 5 . The theoretical slab model (before the null-space projection) has an unacceptable 2 misfit of 3.72 ϫ 10 5 . The gaps or holes seen in slices 2 and 6 have been substantially filled in with high velocities. One possible explanation for the gaps in the original tomographic slab is uneven ray converge. If many earthquake within the slab fall within a given depth range, then it is not surprising that the initial tomographic inversion chooses to concentrate the high velocities around the extremely well sampled area and lessen the amplitude of the velocity deviation in other less well sampled regions of the slab. This does not, however, mean that a continuous slab with smoothly varying velocity anomalies is not consistent with the data, and we use the theoretical temperature model to find such a slab. Our ability to find a model without gaps in the slab does not imply that the original model is incorrect; both models equally satisfy the data. We prefer the continuous slab model based on our a priori understanding of subducting slabs. Other studies based on observational seismology and forward modeling have proposed continuous slabs in the region. For example, the observation of high-frequency body waves propagating through the Kermedec slab led van der Hilst and Snieder [1996] to conclude that the slab must be continuous even though tomograms depict a segmented slab.
Our enhanced tomographic images also have sharper velocity boundaries at the slab interfaces, which is consistent with The shaded region is the area of acceptable misfit. We obtain our estimate for slab thickness using a potential mantle temperature of 1180 Ϯ 100ЊC. The slab age estimates are from Jarrard [1986] .
previous studies. For example, studies of reflected and converted phases off the top and bottom interface of the slab have shown that a sharp impedance boundary must exist from the top and bottom of the subducting slab [Matsuzawa and Hasegawa, 1990] . Detection of the S-P converted wave from the top and S-P reflected wave at the bottom of the subducting plate also gives an estimate for the thickness of the subducting slab. For the subducted Pacific plate the estimated thickness is 80 -90 km which is consistent with our values for slab thickness. This is encouraging, since this agreement lends support both to the identification of the slab bottom S-P conversions of Matsuzawa and Hasegawa [1990] and to the mantle potential temperature and dV/ dT values adopted by us. Not only are we able to fill gaps within the slab and provide images with a sharper velocity contrast at the slab interfaces, but we can also use the null-space to explore regions around the slab. One very interesting feature is the broad low-velocity zones found beneath the slab in all three subduction zones. The theoretical model (Plate 2) has no low velocities beneath the slab; however, after the null-space projection the low velocities return in the final model. The low velocities in the final model are of the order of 1-1.5%, only slightly reduced in amplitude compared with those in the minimum-norm solution. This indicates that the removal of the low-velocity zones has a very small component in the null-space. Since the removal of the low-velocity regions is nearly orthogonal to the null-space, removing the low-velocity zones would not be possible without introducing unrealistic velocities to other parts of the model. We cannot explain the velocities here, but we are able to conclude that low velocities below the slab are necessary in order to satisfy the seismic data while still obtaining a model with physically reasonable velocities throughout.
The low velocities have been detected using travel time residuals as early as Utsu [1971] in the Japan and Tonga regions. However, no satisfactory explanation currently exists. One possible explanation is velocity anisotropy in the mantle below the slab. Our model assumes that the mantle material immediately adjacent to the slab is dragged alongside the slab. According to Christensen and Salisbury [1979] the a axis (fast direction) for olivine crystals aligns in the direction of the flow.
However, a simple calculation shows that it is improbable that velocity anisotropy alone could be the cause of the low-velocity zones that we see. Assume for simplicity that almost all of the rays sampling the region below the slab travel perpendicular to the a axis. The thickness of the mantle flowing adjacent to the subducting slab is only 60 -120 km [Ribe, 1989] . If we assume that 50% of the mantle is olivine, even if all of the olivine crystals align themselves in the direction of flow, we would expect to see the P wave speed decrease by roughly 3.5% (relative to the average P wave speed of olivine) in a very narrow (100 km) region next to the slab, and that only for P waves traveling perpendicular to the flow direction. Temperature would counter the effect of anisotropy. Since the mantle material entrenched with the slab motion is expected to be roughly 100ЊC cooler than the ambient mantle, we expect this material to have an increase of ϳ0.5% in the P wave speed due to the temperature affect. With a maximum possible contribution for anisotropy of Ϫ3% over a narrow region for only a subset of the P waves, we do not think velocity anisotropy alone could cause the low velocities beneath the slab in the tomograms. Many of the slices show broad regions of low velocities extending hundreds of kilometers away from the slab. Also, in several slices we see the low velocities continuing into the lower mantle even when there is no sign that the slab has penetrated the 660-km discontinuity. In these regions, flow-induced anisotropy seems very unlikely.
If the slab is able to carry volatiles to depths greater than several hundred kilometers, then it is possible that the volatiles released from the slab at depth could cause a low-velocity signal [Nolet and Zielhuis, 1994] . Two dense, hydrous, magnesium-silicate phases called hydrous A and hydrous B [Gasparik, 1993] are thought to be stable to 14 GPa (400 km) and 22 GPa (700 km), respectively (as long as the temperature is at least a few hundred degrees below the wet peridotite solidus, 1325ЊC at 14 GPa and 1540ЊC at 22 GPa). Therefore, while these phases probably could not be responsible for the storage of primordial water in the transition zone [Thompson, 1992] , they may be able to transport water in cold subduction zone environments. If a fast slab were able to bring free water to the upper mantle, then the partial melt resulting could be responsible for a substantial low-velocity region. Melting at the wet Table 1 for approximate ages.
peridotite solidus with only 0.1% H 2 O produces 0.7% melt, which would create a strong low-velocity zone. The mechanism for how the H 2 O or partial melt moves through the mantle is not entirely clear. Estimates for the wetting angle in olivine are based on laboratory values from quenched crystals. Depending on the density, it is possible that the melts would migrate upward as opposed to away from the slab or deeper. If the density of the melt is greater than the residual matrix, then the melt might collect above the 400-km discontinuity and migrate away from the slab horizontally. If volatiles are responsible for the low velocities that we see above 400 km, then we need to consider the low-velocity zones that we see below 400 km. The easiest explanation, of course, would be that the low velocities below 400 km are the result of smearing along the ray paths.
The transport of water below 400 km (inside the slab) does seem possible if water were to exist within the slab before subduction begins. While this is likely for the crustal component of the slab, there is some question about whether a larger portion of the lithosphere could be wet. Ridge magmas seem to originate from a rather dry source material [Dixon et al., 1988] . Since the slabs we have looked at are all of the order of 100 Myr old, it could be possible that water is introduced to deeper portions of the slab, especially at transform faults. If there is water within the slab at the time of subduction, the concentration of H 2 O could be very roughly 500 ppm [Nolet and Zielhuis, 1994] . Hydrous A crosses out of its stability field around 400 km depth, and some of the H 2 O may be taken up by superhydrous B phase; this will only occur if the temperature inside the slab is Ͻ750ЊC. The stability field for hydrous B is below 1300ЊC and at pressures Ͻ25 GPa. If the H 2 O leaves the slab, it may be taken up by the ␤-wadsleyite, which can contain several percent water [Smyth, 1994; Young et al., 1993] . Since the stability field of hydrous B exists up to 25-56 GPa (T Ͻ 1300Њ), it could be possible for the superhydrous B phase to introduce water into the lower mantle if the slab is able to penetrate the 660-km discontinuity before warming above 1300ЊC. However, the introduction of water into the lower mantle remains speculative.
It has also been suggested that the low velocities arise due to heterogeneities which exist outside of the model region. If many of the rays leaving the slab and traveling through the upper mantle region beneath the slab encounter some type of low-velocity region outside of the model, then it is possible for the low velocities to be mapped back into the model. However, changing the model size and the parametrization should remove the low-velocity zones beneath the slab, but this is not the case when we look at global delay time studies such as that by Zhou [1996] . While we are unable to fully explain why the low velocities exist, we can use the null-space shuttle to demonstrate that removing them from the model is not easily accomplished by using only null-space components. In order to obtain a physically reasonable velocity model that still satisfies the travel times the low-velocity zones must be included.
Since we stop our theoretical slab at 660 km (or sooner if indicated by the tomographic image), the regions below 660 km and to the west of the slab on top of 660 km are set equal to the background model. After employing the null-space shuttle, we see (Plate 3) that many of the high-velocity regions beneath 660 km are required by the data. An especially striking example is slice 3. The original tomogram clearly shows the slab penetrating the 660-km boundary after being slightly deflected. The synthetic model (Plate 2) shows no high-velocity structure beneath 660 km. However, the final, enhanced model contains a continuation of the high-velocity Japan slab into the lower mantle. We conclude that in this region the slab must penetrate 660 km in order for the model to fit the data. In other slices such as slices 5 and 6 we see that the high-velocity material which appears to flatten out on top of 660 km is also required by the data. On the basis of our final enhanced images we conclude that in some instances the slab clearly enters the lower mantle, while in other regions, at least a portion of the slab becomes horizontal at 660 km.
Conclusions
Applying the null-space shuttle technique with a theoretically derived slab temperature model, we are able to improve the tomographic images of the subducting slabs in the northwest Pacific. On the basis of our values for slab thickness in the Kuril, Japan, Izu, and Tonga regions we are able to generate a partial map of slab thickness (Figure 4 ) in the western Pacific, which correlates very well to the relative ages of the oceanic lithosphere. We obtain values of 84, 85, and 88 km for the Kuril, Japan, and Izu slabs, respectively. Since we are able to use body waves, since the velocity contrast with the mantle increases after the lithosphere subducts, and since our solution is constrained by a theoretical model, we believe these estimates to be robust. Our thickness estimates also agree well with other seismological studies of subduction zone events.
On the basis of the enhanced tomographic images obtained after biasing the minimum-norm tomographic solution in the direction of the theoretical model we are able to fill gaps in the high-velocity slab and to obtain images with continuous and narrow slab structures. The improvements to slab continuity are more consistent with a priori models as well as studies that have used reflected and converted phased to locate the high impedance contrast associated with the top and bottom of the slab. We are also able to conclude that slab penetration into the lower mantle is required by the delay time data in certain slices (such as slice 3 in Japan), while other slices (such as slices 5 and 6 in Izu) indicate that the slab bends horizontally at 660 km. The use of the null-space projection operator allows us to conclude that the low velocities in the upper mantle beneath the slab are also required in order to achieve the optimal fit to the seismic data. Currently, a complete explanation for the low velocities beneath the slab does not exist, and they should be given further attention.
Finally, we have shown that owing to the underdetermined nature of large tomographic inverse problems, a sizable nullspace does exist. Using the null-space shuttle, it is possible to exploit components of the null-space, along with a priori information or a physical model, in order to improve or enhance the minimum-norm solution.
